Very few studies have investigated neuroanatomical correlates of "everyday" creative 8 achievement in cohorts of normal subjects. In previous research, we first showed that scores on 9 the Creative Achievement Questionnaire (CAQ) were associated with lower cortical thickness 10 within the left lateral orbitofrontal gyrus (LOFG), and increased thickness of the right angular 11 gyrus (AG) (Jung et al., 2010). Newer studies found the CAQ to be associated with decreased 12 volume of the rostral anterior cingulate cortex (ACC) (Chen, et al., 2014), and that artistic and 13 scientific creativity was associated with increased and decreased volumes within the executive 14 control network and salience network (Shi et al., 2017). We desired to replicate and extend our 15 previous study in a larger cohort (N=248), comprised of subjects studying and working in 16 science, technology, engineering, and math (STEM). Subjects were youn (Range = 16-32; Mean 17 age = 21.8; s.d. = 3.5) all of whom were administered the CAQ from which we derived artistic 18 and scientific creativity factors. All subjects underwent structural MRI on a 3 Tesla scanner from 19 which cortical thickness, area, and volume measures were obtained using FreeSurfer. Our results 20 showed mostly cortical thinning in relation to total, scientific, and artistic creative achievement 21 encompassing many regions involved in the cognitive control network (CCN) and default mode 22 network (DMN).
Introduction 25
The science of creative cognition has branched off from broad, behaviorally directed 26 studies initially investigating convergent and divergent thinking, (Sternberg & Lubart, 1999; 27 Torrance, 1976), to more specific studies designed to measure the construct of creativity and how 28 it is manifested in the structure and function of the brain. Currently, creative cognition is broadly 29 measured through three domains, creative potential (an individual's cognitive ability to create 30 something that is both novel and useful (Jauk, Benedek, & Neubauer, 2014; Stein, 1953) , 31 everyday creativity (a regular individual's ability to create something original in everyday life, 32 (Richards, 2010) and creative achievement (an individual's real-life creative contribution, such 33 as writing a screenplay for a film (Carson, Peterson, & Higgins, 2005) . The creativity field 34 further dissects these constructs, with several domains of assessing creative novelty such as 35 divergent thinking, fluency, imagery, reasoning, and insight. Research consistencies regarding 36 neural correlates within these creative fields remains sparse and inconclusive, largely lacking 37 consensus or replication (Arden, Chavez, Grazioplene, & Jung, 2010; Beaty, Nusbaum, & Silvia, 38 2014). The question remains: what best measures certain people's proficiency to produce work 39 that is both novel and useful, and how is this manifested in their brain structure and function? 40 Creative achievement driven tasks are a construct of creative cognition that objectively 41 measures individuals' ability to produce work that is both novel and useful (Simonton, 2012) . 42 The Creative Achievement Questionnaire (CAQ; Carson et al., 2005) offers a reliable (0.81) and 43 valid measure of real-life creative productivity across ten specific domains ranging from culinary 44 prowess to scientific innovations. The CAQ is well correlated with measures of divergent 45 thinking such as originality and fluency and, while divergent thinking tests predict creative 46 success (Torrance, 1988) , they are limited in their ability to predict real-life applications. While the objective consensus of the CAQ is a considerable strength, one major problem in using the 48 CAQ is that scores are always highly skewed. For example, few people in a normal, non-49 eminent, sample will have higher scores than the average (of zero). Those few people, however, 50 have accomplished real-life creative contributions of novelty or usefulness as evidenced by 51 patents, published works, and awards. Higher scores on CAQ are therefore eliciting the desired 52 effect in researching creative cognition manifested in creative products in the world recognized 53 by others in terms of their novelty and utility.
54
Recent behavioral research on creative achievement has found it to be moderately 55 correlated with intelligence -as measured by the intelligence quotient (IQ) -and openness 56 (Jauk et al., 2014) , as well as artistic and scientific achievement (Kaufman et al., 2016) . Another 57 study, found that intentional mind wandering was predictive of greater creative achievement 58 (Agnoli, Vanucci, Pelagatti, & Corazza, 2018) . Relatively few studies have been conducted 59 regarding neuroanatomical correlates of creative achievement. Jung et al., first showed that 60 individuals with higher scores on the CAQ had lower cortical thickness within the left lateral 61 orbitofrontal gyrus (LOFG), and increased thickness of the right angular gyrus, (Jung et al., 62 art total score, (Carson et al., 2005) . Creative achievement in the arts represented the sum of 116 scores for drama, humor, music, dance, visual arts, creative writing, and theater/film. Creative 117 achievement in the sciences represented the sum of inventions and scientific discovery.
118
To assess general intelligence, subjects were administered the Wechsler Abbreviated 119 Scale of Intelligence (WASI-II). The WASI battery consists of subtests that measure verbal and 120 non-verbal mental abilities that contribute to general intelligence. We derived a Full-Scale
121
Intelligence Quotient (FSIQ) score from performance on the subtests of similarities, matrix 122 reasoning and block design. methodology for FreeSurfer is described in full in several papers (Fischl et al., 2002 (Fischl et al., , 2004 131 Ségonne, Pacheco, & Fischl, 2007) . Briefly, this process includes automated Talairach 132 transformation, segmentation of the subcortical white matter and deep gray matter volumetric 133 structures, (Fischl et al., 2002 (Fischl et al., , 2004 . Segmented data were then parceled into units based on 134 gyral and sulcal structure, resulting in values for cortical thickness, surface area, and volume 135 (Desikan et al., 2006; Fischl et al., 2004) . The results of the automatic segmentations were 136 quality controlled, and any errors were manually corrected. Volume measures are a combination 137 of thickness (a one-dimensional measure) and area (a two dimensional measure) across 33 138 measures per hemisphere (i.e., 66 across the surface of the brain) as well as seven subcortical 139 volumes per hemisphere (i.e., 14 across the brain) including bilateral caudate, putamen, globus 140 pallidus, nucleus accumbens, thalamus, amygdala, and hippocampus (Fischl et al., 2002) . General linear models were used to assess correlations with CAQ total, art total, and science total 144 scores with cortical volume, area, and thickness. This type of analysis was performed by the 145 Query, Design, Estimate, Contrast (QDEC) interface within FreeSurfer. First, each subject's 146 surface was smoothed using a full-width/half-maximum gaussian kernel of 10 mm. This 147 smoothing was done so that all subjects in this study could be displayed on a common template, 148 which is an average brain in Talairach space. Each design matrix consisted of either CAQ total, 149 art total, or science total raw scores as the independent variable and sex, age, FSIQ and the 150 FreeSurfer calculation of total brain volume categorized as BrainSegVolNotVent as covariates 151 and the slope used was different offset/intercept, different slope (DODS).Correction for multiple 152 comparisons was performed using a Monte Carlo Null-Z simulation method. For these analyses, 153 a total of 10,000 simulations were performed for each comparison, using a threshold of p = 0.05.
154
This is the probability of forming a maximum cluster of that size or larger during the simulation 155 under the null hypothesis and presents the likelihood that the cluster of vertices would have 156 arisen by chance. Multiple regressions were performed on subcortical volume measures, against
Results

162
CAQ total score, art total, and science total were all highly skewed and therefore any 163 outliers greater than three standard deviations from the mean were excluded by variable.
164
Behavioral characteristics are presented in Table1). Previous studies on creative achievement 165 have specifically found it to be moderately correlated with intelligence. In our sample, 166 CAQ total was weakly correlated with FSIQ (r = 0.06, p = 0.35). As expected, the art factor 167 score was weakly correlated with FSIQ (r = 0.004, p = 0.95) and the science factor was 168 significantly correlated with FSIQ (r = 0.13, p = 0.05). Our sample was selected to sample 169 STEM populations, among whom CAQ-IQ scores are known to be more highly correlated; 170 therefore, controlling for IQ was deemed necessary for accurate interpretation of results. It 171 should be noted, when we ran the same analyses without controlling for IQ, CAQ total did 172 not have any significant associations with cortical structures, artistic creativity findings 173 remained the same, and scientific creativity retained largely the same findings except for 174 right hemisphere postcentral, and precentral regions. The significant associations remained 175 negative, which is consistent with findings when controlling for IQ.
176
Subcortical Analysis
177
A series of multiple regression analyses investigated subcortical volume correlates with CAQ 178 total, art total and sci total. We regressed all subcortical volume measures, against each measure 179 controlling for total brain volume, age, sex and FSIQ. CAQ total score was predicted by a model 180 that included increased left hippocampus and increased posterior corpus callosum volumes (F = 181 3.1, p = 0.006; r 2 = 0.07). A model including decreased left amygdala and increased left caudate 182 volume predicted artistic creativity total score (F = 2.24, p = 0.040; r 2 = 0.05). Scores on 183 scientific creativity factor were predicted by a model including increased mid-anterior corpus 184 callosum and decreased left thalamus volumes (F = 8.41, p <0.001; r 2 = 0.18). 
CAQ Cortical Analysis 190
The results of whole brain cortical analysis with CAQ total score showed significantly decreased volume 191 in the left insula extending into the superior temporal gyrus after multiple comparisons correction (p < 192 0.05). Table 2 
Artistic Creativity Cortical Analysis 209
The results of whole brain cortical analysis with CAQ artistic creativity total score showed significantly 210 decreased thickness in the left superior temporal gyrus extending into the middle temporal gyrus and right 211 superior parietal gyrus, after multiple comparisons correction (p < 0.05). Table 3 
Scientific Creativity Cortical Analysis 231
The results of whole brain cortical analysis with CAQ scientific creativity total score showed significantly 232 decreased surface area in the left insula gyrus extending into regions of the superior temporal gyrus, 233 transverse temporal gyrus, and another significant region in the precentral and postcentral gyrus. In the 234 right hemisphere we found significantly decreased area in numerous regions of the brain including left 235 superior frontal gyrus extending into the caudal middle frontal gyrus, middle temporal gyrus extending 236 into the superior temporal gyrus, cingulate gyrus, and pars-opecularis gyrus extending into the insula and 237 precentral gyrus. We also found a sole positive significant correlation in the right hemisphere postcentral 238 gyrus extending into the superior parietal gyrus with volume, after multiple comparisons correction (p < 239 0.05). Table 4 and Fig. 3 and 4 , present the results of the statistical maps and linearity. The current study sought to replicate and extend our previous cortical structural findings 260 by exploring the relationship with creative achievement in a normal non-eminent sample. Our 261 results failed to replicate our previous findings of decreased cortical thickness in the left 262 orbitofrontal cortex or increased thickness in the right angular gyrus. We adopted a more 263 complex analysis strategy involving thickness, area, and volume, and instead discovered several 264 new brain regions, where highly creative individuals exhibited cortical structural differences, 265 across a wide network previously implicated in creativity research. Indeed, we found numerous 266 regions to overlap both the DMN (bilateral superior temporal gyri and isthmus cingulate gyrus) 267 and CCN (insula, superior parietal and preSMA). Perhaps more surprisingly, we only found 268 increased volume in relation to scientific creativity in the right postcentral gyrus. (Fink et al., 2014; Jauk, Neubauer, Dunst, Fink, & Benedek, 2015) . 276 Our results showed decreased volume to be associated with higher CAQ total scores in the left 277 insula extending into the superior temporal gyrus, and increased volume in the left hippocampus 278 and posterior corpus callosum. The left hemisphere regions associated with CAQ, including the 279 insula and superior temporal gyrus have been shown to overlap with the DMN and salience 280 networks respectively (Beaty et al., 2017) , and are implicated in fMRI studies looking at verbal 281 creativity (Boccia, Piccardi, Palermo, Nori, & Palmiero, 2015) . Left insular activation was found 282 during a brainstorming task in a study looking at neuro-correlates of creative writing (Shah et al., 
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Within scientific creativity, we found several inverse relationships with surface area and 305 high scientific creative scores. We found significantly decreased surface area in the left insula 306 and precentral gyrus. Left precentral gyrus is activated during visuo-spatial creativity tasks 307 (Boccia et al., 2015) . The insula is involved in general and fluid intelligence (Haier, Jung, Yeo, 308 Head, & Alkire, 2004; Woolgar et al., 2010) . The right hemisphere findings revealed several 309 negative correlations in the superior frontal gyrus, which has also been found with higher 310 divergent thinking performance anticorrelated within the superior frontal regions. However, 311 other studies have found increased volume in right superior frontal gyrus to be correlated with 312 creativity and cognitive flexibility (Kühn et al., 2014) . Scientific creative achievement is 313 hypothesized to rely more heavily on convergent thinking processes in the pursuit of solving one 314 specific goal. Indeed, many of our findings overlap with previous work with convergent 
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The literature regarding the neuroscience of creativity is in a nascent stage, characterized 319 by disparate and divergent findings across laboratories. Previous research within the 320 neuroscience of intelligence has found similar dissimilarities to be associated with such 321 seemingly subtle effects as those associated with analysis techniques and covariates chosen 322 (Martínez et al., 2017) . Thus, it is not surprising that we have found results different from those 323 found previously, as such differences can be caused by different analysis packages, sample 324 characteristics, and covariates applied. Similarly, our sample focused on STEM subjects, while 325 previous samples looked at more broadly distributed subject cohorts. Finally, the interplay 326 between intelligence (or IQ) and creativity, is an important one, with the potential interaction 327 providing potential differences between studies that either use IQ as a covariate and those that do 328 not. A special issue has recently been published in Neuropsychologia with several perspectives 329 regarding the "common ground and differences" between these two cognitive constructs 330 (Benedek, Jung, & Vartanian, 2018) . There are only a handful of studies in existence regarding 331 structural correlates regarding the CAQ, and further research in this area will be critical to 
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There are several limitations to the current study. Our sample was restricted to a healthy 345 normal population and was focused on individuals expressing interest in scientifically inclined 346 students and professionals. While the CAQ is a valid and reliable measure of creative 347 achievement, our sample, comprised of mostly college students, have had fewer opportunities to 348 express their potential due to their relatively young age and low professional status. The CAQ is 349 always skewed in its distribution, with occasional extreme outliers. We chose to remove such 350 outliers (+3 s.d.) although these individuals could represent true creative accomplishment.
351
Removing high achievers therefore could have impacted our results. We re-ran the analysis previous study and that of another group, although we have provided several methodological 359 reasons why the current results might differ. Future research will be necessary to support the 360 relationships observed between brain structure and creative achievement. We would encourage 361 researchers to use methods designed to parse cortical thickness, area, and volume (e.g.,
362
FreeSurfer) as opposed to voxel intensities, the former of which, arguably, gets closer to 363 biological variables of interest. We would further encourage researchers to include age, sex, total 364 brain volume, and intellectual functioning (e.g., IQ). This last variable is particularly important 365 to include as a covariate, given its significant relationship to variables of interest to creativity 366 research (e.g., divergent thinking, CAQ), as well as established brain-IQ relationships which 
